Moderate and chronic hemodynamic overload of sheep atria induces reversible cellular electrophysiologic abnormalities and atrial vulnerability  by Deroubaix, Edith et al.
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PRECLINICAL RESEARCH
oderate and Chronic Hemodynamic
verload of Sheep Atria Induces
eversible Cellular Electrophysiologic
bnormalities and Atrial Vulnerability
dith Deroubaix, PHD,* Thierry Folliguet, MD,† Catherine Rücker-Martin, PHD,* Sylvie Dinanian, MD,‡
hristophe Boixel, PHD,§ Pierre Validire, MD,† Pierre Daniel, DVM,† André Capderou, MD, PHD,*
téphane N. Hatem, MD, PHD§
aris, Le Plessis-Robinson, and Clamart, France
OBJECTIVES The aim of this study was to evaluate the myocardial consequences of a chronic volume
overload of the left atrium (LA).
BACKGROUND Atrial dilation is a major risk factor for atrial fibrillation (AF), but the underlying mechanisms
are poorly understood.
METHODS A left-right aorto-pulmonary artery shunt (APS) was created in sheep. The cardiopathy was
characterized by echocardiography, electrophysiologic testing, and histologic analysis. Cellu-
lar action potential (AP) and calcium current (ICa) were recorded by means of microelectrode
and patch clamp techniques.
RESULTS Three to four months after surgery, all animals in the APS state had a dilated LA (146.2 
35.4 cm2/m2 vs. 91.7  10.4 cm2/m2 in the control state; p  0.0024) but remained in sinus
rhythm. Repetitive atrial firing was triggered by a single extra beat in five of six animals in the
APS state and in two of six animals in the control state. Moreover, in two animals in the APS
state, a single extra beat triggered sustained AF. Myocytes were enlarged and 39.8% showed
some degree of myolysis. In animals in the APS state, the AP had no plateau phase or small
amplitude and numerous myocytes were unexcitable. The ICa density was 45.2% lower in
APS animals than in control animals. Beta-adrenergic stimulation normalized ICa and
restored the plateau phase of the AP. After shunt suppression, the electrophysiologic
properties of the atria returned to normal.
CONCLUSIONS The APS induced moderate, isolated LA dilation, which was sufficient to cause major
changes in cellular electrophysiologic properties and to render the atria vulnerable to
fibrillation. These effects were reversed by shunt suppression. (J Am Coll Cardiol 2004;44:
ublished by Elsevier Inc. doi:10.1016/j.jacc.2004.07.0551918–26) © 2004 by the American College of Cardiology Foundation
e
s
a
H
a
a
a
c
(
a
a
p
(
m
r
a
a
m
ltrial fibrillation (AF), the most frequent cardiac arrhyth-
ia encountered in clinical practice, is often associated with
ardiopathies complicated by hemodynamic overload of the
tria, such as congestive heart failure (CHF) and mitral
alve diseases (1). Moreover, the clinical association of AF
ith atrial enlargement has long been recognized (2). A
umber of studies have focused on the pathogenesis of
usceptibility to AF in dilated atria (3). For instance, acute
trial dilation considerably shortens action potential (AP)
uration by activating mechano-sensitive mechanisms (4).
n contrast, the pathogenesis of vulnerability to AF in
hronic atrial dilation remains poorly understood, probably
wing to the scarcity of experimental models (5–9). Dilated
ight human atria have a short AP and a brief cellular
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Manuscript received May 28, 2004; revised manuscript received July 12, 2004,
ccepted July 29, 2004.ffective refractory period (ERP), as observed during AF,
uggesting that changes in electrical properties may precede
rrhythmia and contribute to susceptibility to AF (10).
owever, in dogs with mitral valve disease and chronic
trial dilation, cellular electrical properties are only slightly
ltered and could not explain the high incidence of atrial
rrhythmias in this model (5). Experimental CHF, too,
auses discrete changes in atrial AP properties and currents
11).
In this study, we investigated in sheep the structural
nd functional effects of chronic dilation of the left
trium (LA) caused by a moderate volume overload by
erforming a left-right aorto-pulmonary artery shunt
APS) to increase flow in the pulmonary vein. One of the
ain advantages of this model is the creation of a fixed,
eproducible volume overload in the LA that is readily
bolished by clamping the prosthesis. The atrial append-
ge, which has been extensively used in the studies on
echanisms of AF, was also used here to follow histo-
ogic and cellular electrophysiologic changes during the
evelopment and reversion of the cardiopathy.
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urgical procedure. We studied 28 adult Ile-de-France
heep, with the approval of our ethics committee and in
ccordance with the “Guide for the Care and Use of
aboratory Animals” (National Research Council). Sheep
ere anesthetized with thiopental (10 mg/kg) followed by
soflurane in 100% oxygen and ventilated. Central anasto-
osis was performed between the thoracic descending aorta
nd the pulmonary artery trunk, using an 8-mm polytetra-
uoroethylene tube (Gore-Tex; Gore, Flagstaff, Arizona).
his procedure generated the classical hemodynamic pat-
ern observed after systemic pulmonary shunt (12). The
eversibility of the cardiopathy produced was studied by
lamping the tube three to four months after its implanta-
ion. The animals were left to recover with the required
nalgesic regimen (morphine 0.5 mg/kg intramuscularly,
wice daily, flunixin 1 mg/kg intramuscularly, once) and
ere maintained on aspirin (100 mg/day).
We studied animals in three experimental states: control
tate, three to four months after APS, and three to four
onths after shunt closure (aorto-pulmonary artery shunt
eversion [APSR]). We checked the homogeneity of our
nimal population by carrying out clinical and echocardio-
raphic examinations before any surgical intervention. We
lso checked the reproducibility of the model by echocardi-
graphy in the APS state (for the G2 and G3 groups). For
istologic and cellular electrophysiologic studies, 10 animals
ere studied after sacrifice in the control state (G1), 12 in
he APS state (G2), and the remaining 6 in the APSR state
G3).
chocardiography. Transthoracic echocardiography was
erformed with a Vivid five echograph (General Electric
edical Systems Europe, Buc, France). In parasternal
ong-axis view, the left ventricular end-diastolic diameter
LVEDD) was defined as the largest left ventricle (LV)
iameter; left ventricular end-systolic diameter (LVESD)
as defined as the smallest LV diameter, and LV fractional
hortening was calculated as: [(LVEDD  LVESD)/
VEDD]  100. Mitral annulus diameter was defined as
he distance between the insertion of the anterior and
osterior mitral leaflets, and left atrial area (LAA) was
Abbreviations and Acronyms
AF  atrial fibrillation
AP  action potential
APS  aorto-pulmonary artery shunt
APSR  aorto-pulmonary artery shunt reversion
CHF  congestive heart failure
ERP  effective refractory period
ICa  L-type calcium current
LA  left atria/atrial
LAA  left atrial area
LV  left ventricle/ventricular
RAF  rapid atrial firingeasured by planimetry in systole. Linear dimensions and creas were normalized by weight0.33 and by weight0.66,
espectively, according to allometry.
lectrophysiologic testing. An electrocardiogram was re-
orded for 2 h in all anesthetized sheep in the three states to
nalyze the rhythm, to record atrial premature depolariza-
ion, and to compare the electrocardiographic characteristics
etween animals at the different stages. For electrophysi-
logic testing, a quadripolar electrode catheter was intro-
uced percutaneously via the jugular vein and positioned
nder fluoroscopic guidance in the lateral or anterior free
all of the right atrium. Surface and intra-cardiac electro-
rams were recorded simultaneously. Suprathreshold stim-
lation was delivered in sinus rhythm and during stimula-
ion at 600, 500, and 400 ms for measurement of the ERP,
o trigger rapid atrial firing (RAF), defined as two or more
uccessive atrial activations (13), or AF, which was consid-
red to be sustained if it lasted longer than 1 min.
istologic study. Tissue samples were fixed in 4% form-
ldehyde and embedded in paraffin. Sections (6 m) were
tained with Masson’s trichrome. Myocyte diameter was
etermined by measuring the short axis of 150 randomly
igure 1. Two-dimensional echocardiographic images of left atrium (LA)
A, B) and the mitral annulus (C, D) in the control (A, C) and
orto-pulmonary artery shunt (APS) (B, D) states. Time-motion echocar-
iographic images of the left ventricle (LV) in the control (E) and APS (F)
tates.hosen cells per field (10 fields per animal). Myocytes were
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Electrophysiologic Alterations in Dilated Atria November 2, 2004:1918–26xamined by two independent investigators and considered
yolytic if 20% of the sarcomere was absent.
ellular electrophysiologic studies. Action potentials
ere recorded with microelectrodes in a left appendage
ample superfused with Tyrode solution (35  0.5°C)
assed with a 95% O2 to 5% CO2 mixture (14). The tissue
as electrically driven (2- to 3-ms pulses) at 1 Hz. We
etermined resting membrane potential, AP amplitude, AP
uration at 50% and 90% repolarization, and maximum
pstroke velocity of the AP.
The L-type calcium current (ICa) was recorded in enzy-
atically isolated atrial myocytes with the patch clamp
echnique (15). The amplitude of ICa elicited by 300-ms test
ulses (0.2 Hz, at 22°C to 24°C) was the difference between
eak current and the current measured at the end of the
ulse and was divided by cell membrane capacitance to
btain current density in picoampere/picofarad (pA/pF).
tatistical analysis. Data are expressed as mean values 
EM unless otherwise stated. States (control state, APS,
PSR) were compared by one-way analysis of variance,
ncluding Scheffé test. For ERP, different states were
ompared in the same animal by one-way analysis of
ariance for repeated measures, including Scheffé test.
hen analysis of variance rejected the null hypothesis (p 
.05), a Scheffé test was performed providing the p values
ndicated in the text, which were considered significant
hen 0.05. Frequencies were analyzed by means of the
hi-square test.
ESULTS
linical, echocardiographic, and histologic characteris-
ics of sheep in the APS state. During the post-surgery
eriod, all animals gained weight and showed no clinical
igns of CHF. We first checked that normalized echocar-
iographic data did not differ significantly between the three
roups in the control state and between G2 and G3 in the
PS state. Three to four months after surgery, the LAA of
nimals in the APS state had increased by approximately
0%, with no change in mitral annulus diameter and no
itral insufficiency detected (color Doppler). Moreover, the
V was not dilated, and its shortening fraction was normal
Fig. 1, Table 1).
Control tissue sections showed narrow myocytes well
Table 1. Echocardiographic Parameters
Group
G1 Control
(n  6)
LAA (cm2/m2) 91.7  10.4
LVEDD (cm/m) 11.4  1.2
LVESD (cm/m) 8.0  0.6
MA (cm/m) 7.2  0.7
FS (%) 28.9  6.3
Values are mean  SD. *p  0.0001 (vs. control).
APS  aorto-pulmonary artery shunt; APSR  aorto-p
shortening; LAA  left atrial area; LVEDD  left ventricu
diameter; MA  mitral annulus; n  number of animals.ligned and surrounded by little interstitial tissue. In dilated ttria, myocytes were enlarged (18.7 0.6 m vs. 10.9 0.4
m in control sections, p 0.0001) (Figs. 2A, 2B, and 2D),
nd 39.8% showed myolysis (Figs. 2E and 2F); there was no
brosis (Fig. 2B).
trial vulnerability in the APS state. Prolonged electro-
ardiographic recording (2 h) performed in anesthetized
heep in the control and in the APS states showed no
pontaneous episode of AF or atrial premature depolariza-
ion. Moreover, the electrocardiogram was unchanged be-
ween groups; notably the duration of the P wave was not
ignificantly increased in the APS state (7.1 0.5 ms vs. 7.8
0.7 ms in the control and APS states, respectively). Thus,
e evaluated atrial vulnerability by performing electrophysi-
logic testing with a stimulation protocol identical to that
urrently used in clinical practice. Mean ERP measured in
inus rhythm, at two sites of the right atria and during atrial
acing did not differ significantly between the control, APS,
nd APSR states in G3 animals (Fig. 3A). In only two of six
nimals studied in the control state was a short RAF, lasting
ess than five atrial electrograms, triggered by a single extra
timulus. In contrast, all but one of the animals in the APS
tate displayed RAF of 3 to 16 atrial electrograms (Fig. 3B),
eproducibly induced by an extra stimulation delivered in a
xed coupling interval. Moreover, in two sheep, RAF
egenerated into a sustained episode of AF (Fig. 3C). No
rolonged or fragmented atrial activity was observed in the
PS state. No attempt was made to trigger AF with a burst
f rapid stimulation or multiple extra stimuli to prevent any
cute modification of the cellular properties of the cells
16,17).
ellular electrical properties of dilated atria. Four cellu-
ar responses were recorded in all LA appendages studied: 1)
-type AP had a characteristic plateau shape; 2) B-type AP
as triangular in shape; and 3) C-type AP was of low
mplitude, with a lower resting potential. Unexcitable myo-
ytes were classified as D-type cells if they responded with
slow or no AP (Fig. 4). Statistical analysis of the
haracteristics of AP confirmed the existence of three types
f AP (Table 2). Note the shorter duration of B-type than
f A-type AP (Table 2). In the control state (G1), most
80%) of the AP was of the A-type, with only low
roportions of B-, C-, or D-type AP (8%, 6%, and 5%,
espectively) (Fig. 4B). In contrast, in the APS state (G2)
G2 APS
(n  12)
G3 APSR
(n  6)
146.2 35.4* 86.8  14.7
12.0 1.8 12.1  1.3
8.3  1.4 8.7  1.0
7.6  1.0 7.3  1.0 (n  5)
30.4 5.6 28.1  4.8
ary artery shunt reversion; FS  left ventricular fractional
-diastolic diameter; LVESD  left ventricular end-systoliculmonhe proportion of A-type AP decreased strongly (20%),
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November 2, 2004:1918–26 Electrophysiologic Alterations in Dilated Atriahereas the proportions of B-type and C-type APs, to-
ether with D-type cells, increased to similar levels (20%,
5%, and 26%, respectively) (Fig. 4B). Furthermore, the
ercentage of D-type cells was correlated with LAA (r2 
.68, p  0.01) (Fig. 4C). Fewer AP were recorded in atrial
ppendages in APS than in the control state (270 vs. 380),
eflecting the fact that the area of diseased samples that
as stimulated by the surface electrode was limited com-
ared with the robust stimulation of the whole control
amples.
ownregulation of the L-type calcium current in dilated
A. We analyzed ICa as it is the main depolarizing current
uring the AP plateau phase which is reduced in APS. In
trial myocytes in the control and APS states, 10-mV
ncremental depolarizing pulses activated a typical ICa (Fig.
B). However, current density was lower in the APS state
3.03  0.23 pA/pF vs. 1.37  0.14 pA/pF; p  0.001).
embrane capacitance, which reflects cell size, was higher
n the APS than in the control state (Fig. 5A). We then
nvestigated whether changes in ICa phosphorylation con-
ributed to current downregulation in the APS state. Iso-
roterenol (1 M) stimulated ICa such that ICa density did
ot differ between myocytes in the control and APS states
Figs. 6A and 6B). Furthermore, isoproterenol activated the
lateau phase and shortened the late repolarization phase of
he B-type AP (five cells), an effect resembling that of
igure 2. Tissue sections from LA after Masson’s trichrome staining in th
rtery shunt reversion (APSR) (C) states. (D) Myocyte diameters in the th
yocytes (F) in control and APS states. Bar  40 m; animal number soproterenol on A-type AP (six cells) (Fig. 6C). In D-type Tells, isoproterenol also restored an AP with a plateau phase
four cells) (Fig. 6C).
artial reversibility of atrial remodeling after suppression
f the shunt. The LAA was not different from control
alues after shunt suppression (Table 1). Histologic study
howed that myocytes remained hypertrophied (19.7  0.5
m in the APSR state vs. 10.9  0.4 m in the control
tate; p  0.0001) (Figs. 2C and 2D), and this was
orroborated by the persistence of high membrane capaci-
ance (Fig. 5B). Electrophysiologic testing showed rare
AF (one in six animals) and no AF episodes.
As in the control state, A-type AP predominated in the
PSR state (63.4%) and rare B-type (17.6%) and C-type
10.9%) AP were observed, together with a few D-type cells
8%) (Fig. 4B). The characteristics of AP, regardless of the
ype of AP considered, did not differ between the control
nd APSR states (Table 2). Finally, ICa density was similar
n myocytes from animals in the control and APSR states
Fig. 5A).
ISCUSSION
he original feature of the model described in this study is
he creation of a chronic and moderate LA dilation without
V dysfunction and AF, resembling the cardiac status
ssociated with moderate chronic mitral regurgitation (9).
trol (A), aorto-pulmonary artery shunt (APS) (B), and aorto-pulmonary
oups of animals. Example of cell myolysis (E) and percentage of myolytic
ontrol state), 7 (APS), 6 (APSR). ***p  0.0001.e con
ree grhis contrasts with other models of dilated atria in which
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Electrophysiologic Alterations in Dilated Atria November 2, 2004:1918–26here is frequently marked or acute atrial dilation, LV
ysfunction, and AF (4–6,9). The three months elapsed
ince the implantation of an aorto-pulmonary shunt and the
igure 3. (A) Effective refractory period (ERP) measured in the right a
orto-pulmonary artery shunt (APS), and aorto-pulmonary artery shunt re
nd of (C) a sustained episode of atrial fibrillation triggered by a single extra
nd RAA2  right atrial electrograms recorded with the quadripolar electmall shunt diameter probably accounted for the lack of tardiac consequences of high blood flow rates. Our main
nding is that this clinically silent and moderate volume
verload of the atria causes already marked changes in
during sinus rhythm (SR) and at various cycle lengths in the control,
n (APSR) states in six G3 animals. (B) Example of repetitive atrial firing
n the APS state. A1 (paced) and A2 (premature) atrial electrograms. RAA1trium
versio
beat iransmembrane AP and calcium current, together with
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November 2, 2004:1918–26 Electrophysiologic Alterations in Dilated Atriaome atrial vulnerability. These cellular alterations, which
re known to contribute to the substrate of AF, were
eversed on the normalization of atrial hemodynamic work-
ng conditions.
In dilated atria, the typical cardiac AP with a plateau
hase was replaced by a triangular-shaped or slow-response
P. This resembles the changes in AP found in human
trial myocytes from patients in AF (10,18). Boutjdir et al.
18) found in right atrial preparations of patients in sinus
hythm, 77% of plateau phase and 23% of triangular AP,
igure 4. (A) Examples of the four types of action potential (AP) in the
orto-pulmonary artery shunt (APS), and aorto-pulmonary artery shunt rev
C) Correlation analysis of percent D-type cells as a function of atrial are
able 2. Left Atrial Action Potential Parameters in the Control,
roup State (N) Type (n) Er (mV)
G1 Control (7) A (307) 74.2  2.0
B (31) 75.2  5.0
C (22) 61.5  5.1‡
G2 APS (7) A (53) 67.1  7.0†
B (64) 69.8  4.2
C (79) 66.5  6.6
G3 APSR (3) A (151) 79.0  1.7
B (42) 68.6  9.6
C (26) 74.0  3.2†
alues are mean  SD. B-type or C-type versus A-type in G1, G2, or G3; ‡p  0.
tate; †p  0.05, *p  0.001.
Ampl  action potential amplitude; APD (50%), APD (90%)  action potential
orto-pulmonary artery shunt reversion; Er  resting membrane potential; N  number o
otential.hereas during AF there was 97% of triangular-shaped AP
nd 15% of cells showed a slow response. In addition, many
trial myocytes of sheep in the APS state were unexcitable.
oreover, because of the difficulty to stimulate the whole
reparation, a lower number of APs were recorded in
rabeculae from dilated atria, suggesting altered electrical
oupling. In dogs with mitral valve disease, 20% of the
ells are unexcitable, whereas AP characteristics are similar
o those in control dogs (5). We also found that mean AP
uration (i.e. mean A-, B-, C-type AP duration) did not
l state. (B) Distribution of the four types of AP recorded in the control,
(APSR) states (numbers of animals: 7, 7, and 3, respectively; p  0.001).
x. Solid line  regression line; dashed line  95% confidence interval.
, and APSR States
l (mV) Vmax (V/s)
APD (50%)
(ms)
APD (90%)
(ms)
 3.7 152.3  48.4 69.7 14.8 187.3  22.4
 10.7 170.8  59.1 42.1 5.6‡ 133.7  16.1‡
 7.5§ 61.4  28.7‡ 71.7 11.3 193.0  28.5
 8.7* 130.5  111.7 69.1 29.1 189.6  34.9
 8.9 204.3  130.5 42.1 15.5 160.5  34.9
 10.2 132.8  95.7 59.0 20.4 167.1  23.6
 2.5 172.0  59.2 66.0 12.2 154.6  25.4
 5.4 141.5  60.0 45.0 9.3 138.6  6.3
 4.2‡ 132.9  154.4 68.1 20.0 169.9  18.1
p  0.001. A-, B-, or C-type action potential in APS or APSR state versus control
on at 50% and 90% repolarization; APS  aorto-pulmonary artery shunt; APSR controAPS
Amp
86.1
87.2
56.6
69.6
76.4
58.0
88.3
78.9
61.5
001, §
durati
f animals; n  number of cells tested; Vmax  maximum rate of rise of the action
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hus, greater heterogeneity of the AP population appears to
e an important feature of the electrical remodeling of
ilated atria. Furthermore, the regions used to record AP
free wall in dogs [5], appendage in humans [10,18,19], and
heep atria) may account for the differences between studies.
he fact that alterations of the cellular electrophysiologic
roperties are present in dilated LA of sheep in the APS
tate as well as during right atrial dilation in patients in sinus
hythm (10) suggests that they are an early event in the
onstitution of the AF substrate.
The short AP of diseased atria could be a result of
hanges of a number of ionic currents, but studies in animal
odels or in humans in the setting of AF have all pointed
igure 5. Membrane capacitance (A) and current density-voltage relation-
hip (B) of atrial myocytes recorded in the control, aorto-pulmonary artery
hunt (APS), and aorto-pulmonary artery shunt reversion (APSR) states.
umber in parentheses number of cells tested. The numbers of animals
sed for A and B were: controls (8, 7), APS (10, 8), and APSR (4, 3). *p
0.05; ***p  0.0001.o a clear reduction in ICa (3,10,20,21). The mechanism cesponsible for the reduction in ICa is still a matter of debate
22). A decrease in the number of calcium channel alpha1-
ubunits has been reported in the setting of AF both in
nimal models (21) and in humans (23). Changes in the
egulation of ICa by second messengers have been reported
uring AF and hemodynamic overload of the atria
10,15,21). For instance, ICa is highly sensitive to beta-
drenergic stimulation in dilated and fibrillating human
tria (10,20), and in the atria of rat in CHF (15). In cardiac
yocytes, ICa is regulated by beta-adrenergic agonists
hrough a cyclic adenosine monophosphate-dependent
athway that increases the availability and the probability of
pening of the calcium channel. In addition, it has been
hown that Ca2 channels in cardiac myocytes are phos-
horylated in the absence of any neurohormonal stimulation
nd that this basal phosphorylation is necessary to maintain
ormal channel function (24). The finding in our model of
solated and moderate LA dilation, that ICa is already
educed and highly responsive to beta-adrenergic agonists
uggests that local factors are responsible for the current
ownregulation. For instance, during the volume overload
f the atria, neurohormones or peptides could be locally
ecreted and in turn alter the phosphorylation of the atrial
yocardium. Atrial natriuretic peptide that regulates intra-
ellular cyclic adenosine monophosphate concentration and
hat accumulates in dilated or fibrillating atria (25) is one
andidate. Moreover, we found that catecholamines re-
tored atrial electrical activity as reported in humans (19)
nd in experimental models (5,6). Thus, the pharmacologic
odulation of adrenergic pathways may be a potential target
or therapy in the setting of dilated and hemodynamically
verloaded atria.
Other currents are involved in the modification of AP
uring AF or in dilated atria (3,10,21). For instance, the
oltage-gated outward potassium currents that are activated
uring the plateau phase are reduced in diseased human
tria or in animal models of AF (10,21,26). Our observation
hat C-type AP became hyperpolarized in the APS state
nd reached significance in the APSR state suggests alter-
tions of background currents as in human atrial appendage,
here messenger ribonucleic acid of Kir2.1 and the back-
round IK1 current are upregulated during AF, contributing
o the more negative resting potential and shorter AP of AF
han control myocytes (27). Clearly, studies focused on
xamining the regulation of repolarizing currents in
olume-overloaded and vulnerable atria would be of great
nterest.
hanges in cellular electrophysiology and atrial vulnera-
ility. Heterogeneity, AP shortening, and loss of excit-
bility in the APS state are potentially proarrhythmic
actors (28). Indeed, APS sheep clearly display signs of
trial vulnerability, such as the triggering of RAF, or
ore rarely AF episodes with a single premature stimu-
ation, indicating a strong tendency of dilated atria to
evelop reentry (29). The normalization of atrial electri-
al properties, but not of cell hypertrophy, in the APSR
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ility and AP alterations.
None of the animals in the APS state displayed
pontaneous AF, and, once triggered, arrhythmia was
arely sustained, suggesting that atrial myocardial remod-
ling was not severe or that additional factors were
acking. In the model of mitral regurgitation in the dog,
haracterized by a marked atrial dilation and myocardial
brosis, sustained AF can be induced by burst pacing in
nly 53% of dogs, suggesting a threshold to the extent of
trial pathology necessary for sustenance of AF (9). In
ur model, the structural abnormalities were limited to
yocyte hypertrophy and myolysis, without fibrosis, and
ay be insufficient for the activation of sustained AF.
oreover, in our study we did not attempt to trigger long
pisodes of AF using rapid atrial pacing (30) to prevent
ny acute alterations of cellular electrophysiology (16,17).
verall, these results indicate that cellular electrical
bnormalities in volume-overloaded LA may contribute
o atrial vulnerability but are insufficient for spontaneous
r sustained AF (31). During CHF, despite the normal-
zation of electrical properties, atria remain vulnerable to
F, demonstrating the role of myocardial structural
emodeling in this clinical setting (32).
tudy limitations. First, as we studied only the left ap-
endage, the extent of cellular electrophysiologic alterations
n dilated sheep atria is unknown. Most other studies on the
ubstrate of atrial arrhythmia have also been performed on
he atrial appendage, which undergoes marked structural
nd functional remodeling during AF. We observed no
hange in ERP in our model, as previously reported (33),
hereas ERP is shortened during acute atrial dilation (4,34)
r prolonged in the dog model of mitral regurgitation and
igure 6. (A) Effect of isoproterenol (ISO) on ICa in control and aorto-pu
f 1 M isoproterenol (solid circles). (B) Current densities before (open
ontrol (19 cells from 7 animals) and APS (27 cells from 9 animals) state
xposure) on A-type action potential (AP) in the control state, on B- anduring CHF in humans (9,35). It is possible that neither theevel nor the duration of pressure overload in our model was
ufficient to induce changes in ERP (4). As ERP was
etermined only in the right atrium, no information is
vailable concerning the possible dispersion of ERP, which
as been shown to be proarrhythmic for AF. However, in
he dog with mitral regurgitation there is no dispersion of
RP.
onclusions. We demonstrate here that a moderate atrial
olume overload without apparent clinical consequence
auses already profound changes in the electrophysiologic
roperties of the atrial myocardium resembling those ob-
erved during AF and probably contributing to atrial vul-
erability. This study may have clinical implications for the
evelopment of a rationale for early clinical intervention to
ormalize atrial hemodynamic loading conditions, for ex-
mple, in mitral valve disease.
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